Millimeter wave (mmWave) links will offer high capacity but are poor at penetrating into or diffracting around solid objects. Thus, we consider a hybrid cellular network with traditional sub 6
I. INTRODUCTION
Two key capacity-increasing techniques for future cellular networks including 5G will be network densification and the use of higher frequency bands, such as millimeter wave (mmWave) [1] , [2] . The main challenges to using mmWave frequencies are their high near-field pathloss (due to small effective antenna aperture) and very poor penetration into buildings. However, it is increasingly believed these challenges can be overcome, at least for outdoor-to-outdoor cellular networks, using high gain steerable antennas in a dense enough network with sufficient scattering [3] - [11] . Further, recent studies have shown that with such highly directional transmissions and sensitivity to blockage, a positive side effect is that interference is greatly reduced, and so in many or most cases, mmWave networks will be noise rather than interference-limited [10] - [13] .
Nevertheless, it is unrealistic to expect universal coverage with mmWave, especially indoors, and so a likely deployment scenario is that mmWave will co-exist with a traditional sub-6GHz cellular network. The mmWave small cells will be used opportunistically when a connection is possible, with the sub-6GHz base stations providing universal coverage, for both control signaling and for data when a mmWave connection is not available. The goal of this paper is to model and analyze such a hybrid network, considering in particular how user equipments (UEs) should associate with the two types of BSs in the uplink (UL) and downlink (DL).
A. Related Work
Downlink and uplink associations are typically coupled, i.e. a UE connects to the same BS in the DL and UL. In the context of a heterogeneous network, downlink-uplink decoupling (DUDe) has been recently shown to significantly improve the network capacity (especially in the UL) by considering different association criteria for the UL and DL [14] . DUDe has been discussed in [2] , [15] , [16] as an interesting component for future cellular networks. Significant improvement in throughput and signal-to-interference-and-noise-ratio (SINR) have been shown in [14] with realistic simulations, while [17] , [18] , [25] reached similar conclusions from a theoretical perspective. In particular, the key idea is that in many cases the uplink throughput can be improved significantly by connecting to a small cell in the UL while being on a macrocell in the DL. A recent survey of these results, with a discussion of how to adapt it to 4G and 5G cellular standards, is given in [19] .
Meanwhile, starting with [20] , modeling and analyzing cellular networks using stochastic geometry has become a popular and accepted approach to understanding their performance trends.
Most relevant to this study, mmWave networks were analyzed assuming a Poisson point process (PPP) for the base station (BS) distribution in [11] , [12] , [21] . In [11] a line-of-sight (LOS) ball model was considered for blockage modeling where BSs inside the LOS ball were considered to be in LOS whereas any BS outside of the LOS ball was treated as NLOS. In [12] , this blocking model was modified by adding a LOS probability within the LOS ball, and this approach was shown to reflect several realistic blockage scenarios. Therefore we consider the same approach in this paper. Decoupled association in a mixed sub-6GHz and mmWave deployment was very recently considered in [21] from a resource allocation perspective. However, there is no complete or analytical study to our knowledge on downlink-uplink decoupling for mmWave networks or the mmWave-sub-6GHz hybrid network considered in this paper.
B. Contributions and Organization
In Section II, we model a cellular network with sub-6GHz macrocells (Mcells) and mmWave small cells (Scells) each distributed according to an independent Poisson point process. A UE can in general independently connect to either type of BS on the UL and DL. The key technical contributions of this paper are the following.
Cell association probabilities.
In Section III, we derive the cell association probabilities based on the UL and DL maximum biased received power where the different parameters that affect the association trends are highlighted and discussed in detail. Subsequently, a similar analysis based on the UL and DL maximum achievable rate is given. The role of decoupled access is discussed in detail in Section V.
Coverage and rate trends. The UL and DL SINR and rate coverage probabilities are derived in Section IV where a special emphasis is put on Scell biasing. We show that high biasing values can be used for mmWave Scells due to the abundant bandwidth in the mmWave bands.
The altered UL and DL SINR and rate coverage with the biasing value are also studied.
System design insights.
The analytical results, which employ a number of simplifying approximations, are validated in Section V. Design insights are highlighted in Section V-C which include:
• Decoupled access plays a key role in mmWave deployments and the gains of decoupling are more pronounced in less dense urban environments.
• Scell beamforming gain improves the association probability to Scells dramatically and therefore needs to be considered in the association phase.
• Aggressive values of small cell biasing are possible thanks to the wide bandwidth offered by mmWaves. Supporting these large biasing values requires having robust low modulation and coding techniques to allow UEs to operate in very low SINR.
II. SYSTEM MODEL

A. Spatial distributions
A two-tier heterogeneous network is considered where Mcells and Scells are distributed uniformly in R 2 according to independent homogeneous Poisson point processes (PPP) Φ m and Φ s with densities λ m and λ s respectively. Specifically, a deployment of sub-6GHz Mcells overlaid by mmWave Scells is considered. The UEs are also assumed to be uniformly distributed according to a homogeneous PPP Φ u with density λ u . The analysis is done for a typical UE located at the origin where the BS serving the typical UE is referred to as the tagged BS 1 . The notation is summarized in Table I . The inclusion of sub-6GHz Scells is left for future work.
B. Propagation assumptions
The received power in the DL at a UE at location u ∈ Φ u from a sub-6GHz Mcell (m) at x ∈ Φ m or a mmWave Scell (s) at y ∈ Φ s is given by
Here, L is the pathloss where for the typical UE at the origin L m (x) = x αm and L s (y) = y αs(y) , α is the pathloss exponent (PLE) where α s (y) equals α l if the link is LOS and α n otherwise, h is the small scale fading power gain where in this study we consider Rayleigh fading, β is the the near-field pathloss at 1 m and G is the antenna gain. UEs are assumed to have omni-directional antennas so the antenna gains are only accounted for at the BS side. All mmWave Scells are equipped with directional antennas with a sectorized gain pattern assuming a simplified rectangular antenna pattern that was used in [12] where a UE receives a signal with G smax if the UE's angle (θ) with respect to the best beam 1 The analysis of the typical UE is enabled by Slivnyak's theorem. 
The UL received signal powers are derived by replacing P m or P s by P um or P us , and interchanging x or y with u, respectively. Shadowing is ignored in this study since for mmWaves the blockage model introduces a similar effect to shadowing. As for the sub-6GHz network, as shown in [20] , the randomness of the PPP BS locations emulates the shadowing effect, therefore shadowing is ignored in the sub-6GHz model as well.
All UEs served by the Scells are assumed to be in perfect alignment with their serving cells whereas the beams of all interfering links are assumed to be randomly oriented with respect to each other and hence the gain on the interfering links is considered to be random. In Section V-A results for the association probabilities considering different antenna gains are shown in order to study how important it is to have antenna alignment in the cell association phase.
C. Blockage model
A simple yet accurate blockage model that was proposed in [12] is used where a UE within a distance µ from a Scell is assumed LOS with probability ω and 0 otherwise. The parameters ω and µ are environment dependent; the Manhattan scenario from [12] is considered for this study. Results for other values of ω and µ are shown in Section V-A to study their effect on cell association.
D. Biased uplink and downlink cell association
It is assumed that the UL and DL cell associations are based on different criteria, namely the UL and DL biased received powers, respectively. The typical user associates with BS at x * ∈ Φ l , where l ∈ {s, m}, in UL if and only if
where ψ k = G k β k is the combination of antenna gain and near-field pathloss and G k is equal to
is the minimum pathloss of the typical UE from the k th tier and T ′ and T are the UL and DL cell bias values respectively. Similarly, the typical user associates with BS at x * ∈ Φ l in DL if and only if
The assumption that large bandwidth mmWave networks are noise-limited has been considered and motivated in [12] . We show in Section V that this assumption holds even for high densities of mmWave Scells. Henceforth, this assumption will be considered for this study and is validated later on with simulation results. Consequently and in order to simplify the analysis, the signal-tonoise-ratio (SNR) is considered instead of the SINR for the mmWave links. With no interference between the two tiers due to the orthogonality of both frequency bands, the UL/DL sub-6GHz
SINR and mmWave SNR of a typical UE at the origin are given by
where 
where N m and N s are the loads on the serving Mcell and Scell respectively. R UL,m , R UL,s are defined similarly.
III. CELL ASSOCIATION
In this section the UL and DL cell association probabilities are derived for four different cases where K DL and K UL denote the DL and UL association tiers of the typical UE. Hence, the below cases denote the probability of the UE associating to the Mcell and Scell in the UL and DL assuming a decoupled UL and DL association approach.
• Case 1:
• Case 3: P(K DL = Scell)
• Case 4:
Note that the sum of probabilities of Case 1 and 3 equals 1 and similarly for Case 2 and 4. The association probabilities are derived in the following two subsections, maximizing the biased DL/UL received power and the DL/UL rate, respectively. Subsequently, the outcomes from the two association strategies are compared in Section V-A.
In order to derive the association probabilities, we first characterize the point process formed
by the pathloss between each BS and the typical UE at the origin. Assuming a BS at x ∈ R 2 , the pathloss point process is defined as N l := {L l (x) = x α l } x∈Φ l , where l ∈ {m, s}. Making use of the displacement theorem, N l is a Poisson point process with intensity measure denoted by Λ l (.) similar to [12] , [22] . Since the pathloss in the sub-6GHz and mmWave cases has different characteristics, we will have two independent pathloss processes for mmWave and sub-6GHz
given by N s and N m respectively. Therefore, the intensities, probability distribution function (PDF) and complementary cumulative distribution function (CCDF) will be derived separately for mmWave and sub-6GHz.
Lemma 1. The distribution of the pathloss from the typical UE to the tagged BS is such
, where l ∈ {m, s}, the intensity measures for pathloss in mmWave and sub-6GHz are given by
Proof: See Appendix A.
Since N l is a PPP, the CCDF of pathloss to the tagged BS isF
) and the PDF is given by f l (t) =
The expressions for the pathloss process CCDFs for mmWave and sub-6GHz are given bȳ
and the corresponding PDFs by
All the needed components to derive the association probabilities specified above are now available.
A. Maximum biased received power association
In this subsection, the UL and DL association probabilities maximizing the biased UL and DL received power respectively are derived. This method is referred to as maximum biased received power (Max-BRP). It is assumed that the DL and UL serving cells are chosen based on the biased DL and UL received powers respectively. The association probabilities are defined in the following definition and the final expressions are given in Lemma 2.
Definition 1. Max-BRP Association probabilities.
The probabilities of the typical UE associating to a sub-6GHz Mcell or mmWave Scell based on the maximum biased received power in the downlink or uplink is defined as
Lemma 2. The uplink and downlink association probability to a sub-6GHz Mcell or mmWave Scell are given below.
where c ∈ {UL, DL}, a DL = PsTsψs PmTmψm
.
Proof:
The proof for A DL,m is given below.
where the last step follows from the fact that
Changing variables as l = a DL l m yields
This directly results in A DL,m , and A UL,m follows similarly.
Corollary 1. The association probabilities can be acquired in closed form for the special case
where α l = 2 and α n = α m = 4 and with simple mathematical manipulation, A DL,m can be expressed by
where
and Q(.) is the Q-function. Similarly, the other three cases can be obtained in closed form.
B. Max-Rate association
In this part the UL and DL association probabilities are derived where the association criteria are the UL and DL rates respectively. The sub-6GHz Macro DL association probability is given by
It is assumed that SINR DL,m ≈ SIR DL,m and SINR DL,s ≈ SNR DL,s for simplicity since sub-6GHz frequencies are interference limited whereas mmWaves are rather noise limited. In order to simplify the expressions, an approximation 2 that was proposed in [23] is used where the cell load is characterized by the average number of UEs per cell on the corresponding tier. The average load on the serving BS of tier l for the UL and DL is given bȳ
for l ∈ {m, s} and c ∈ {UL, DL}.
This approximation results in
Having B DL,m on both sides of the equation makes it very hard to solve. Therefore we resort to a simple approximation by neglecting the load term in the rate expression (setting N m and N s to 1). In other words deriving the association probability based on the maximum achievable rate in the UL and DL. This approach is suboptimal but it results in a tractable expression for the association probability and also suffices our purpose of showing different decoupling trends as compared to Max-BRP as will be shown in Section V. The association trends resulting from this approximation are also validated in Fig. 7 
(b). Henceforth this method is referred to as Max-Rate
and the corresponding association probabilities are now defined.
Definition 2. Max-Rate Association Probability. The association probabilities in the UL and DL to a sub-6GHz Mcells and mmWave Scells for the Max-Rate case are given by
where c ∈ {UL, DL}.
Using power control in the UL would complicate the UL coverage expression where the derived expressions in [24] and [25] include two to three integrals. Furthermore, it is assumed that UEs transmit with their maximum power on mmWaves since mmWaves are coverage limited, therefore to make the analysis consistent and fair we assume that UEs transmit with their maximum power on sub-6GHz as well. With the assumption of no power control the UL and DL coverage expressions (neglecting noise and considering exponential fading) are the same.
In order for this assumption to be valid we also need to assume that the interferers in the UL are PPP distributed and that the exclusion region around the typical UE/BS in the DL/UL are the same. Although the latter might seem to be a strong assumption it will be shown in Fig.   4 (a) that the derived rate based association probability matches very well the simulation results, verifying that the above assumptions are valid.
The final expressions for the Max-Rate based association probabilities based on Definition 2 are given in the following lemma.
Lemma 3. The DL and UL association probability based on the maximum achievable rate for mmWave Scells and sub-6GHz Mcells are given below.
where c ∈ {UL, DL},
and f SNR UL,s is the same as f SNR DL,s exchanging P s by P us .
Proof: See Appendix B.
After deriving the association probabilities, the UL and DL SINR and rate coverage probabilities are derived in the next section.
IV. SINR AND RATE DISTRIBUTIONS: DOWNLINK AND UPLINK
In this section the SINR and rate coverage distributions are derived for the DL and UL in the mmWave and sub-6GHz cases. These distributions would help in studying the effect of the different association strategies on the SINR and rate of the whole system. The SINR and rate CCDFs will be derived for the Max-BRP association case only as the derivation for the Max-Rate association is quite complicated and will be left for future work. However, we use biasing in the results for SINR and rate coverage probabilities in Section V to validate some of the trends that result from the Max-Rate association strategy.
A. SINR coverage
The SINR coverage can be defined as the average fraction of UEs that at any given time achieve SINR τ . The SINR coverage is the CCDF of the SINR over the entire network which, due to the assumption of stationary PPP for the UEs and BSs, can be characterized considering the typical link between the typical UE at the origin and its serving BS. Since mmWave networks are usually noise limited (i.e. SINR ≈ SNR), we consider the SNR coverage for mmWaves while still considering SINR for sub-6GHz. The SINR/SNR coverage in the sub-6GHz and mmWave cases is expressed as: P m P(SINR > τ ) and P s P(SNR > τ ) respectively. Since there is no interference between the mmWave and sub-6GHz BSs, the SINR/SNR coverage can be derived separately for sub-6GHz and mmWave.
Similar to Section III-B, since UL transmissions on mmWaves are assumed to be at maximum power, the sub-6GHz UL SINR coverage is derived assuming maximum UL transmit power (no power control) for simplicity and fairness. The final expression for the UL coverage probability with fractional pathloss compensation power control is given below.
Theorem 1. The SINR coverage probability for the typical UL and DL links based on the
Max-BRP association criterion is given by
whereF s ,F m , f s , f m , a DL and a UL have been derived/defined in Section III.
Proof: See Appendix C.
The final expression of P UL with fractional pathloss compensation power control is given by
where ǫ is the pathloss compensation factor. The proof for P UL,m follows along the same lines as in [24] therefore the proof is omitted. The inclusion of the power control adds an extra integral to the Mcell coverage expression which makes it quite complex. Therefore we stick to the assumption of no power control and use the expression in Theorem 1.
B. Rate coverage
In order to derive the rate coverage, the load on both Mcell and Scell tiers needs to be characterized. We resort to the same approximation used in Section III-B where the load is given by (17) . This approximation is validated with simulation results in Fig. 5(b) .
Definition 3.
The rate coverage probability is defined as
Using the above definition, the UL and DL rate coverage probabilities are given by
V. PERFORMANCE EVALUATION AND TRENDS
In this section we validate our analysis with Monte Carlo simulations where in each simulation run, UEs and BSs are dropped randomly according to the corresponding densities. All UEs are assumed outdoor. The association criteria, propagation and blockage model are as described in Section II and the simulation parameters follow Table I . Using the analytical results, the different factors that affect the association probability are studied. Special emphasis is placed on the Downlink and Uplink Decoupling (DUDe) [14] to understand if decoupling is still useful in the case of mmWave networks. Furthermore, the SINR and rate coverage trends are illustrated considering the special case of biased DL received power association where the effect of small cell biasing on both SINR and rate trends is studied with a reflection on the implications in real deployments.
The parameter values in Table I are used as a baseline. Some of the parameters are altered in some figures in order to understand their effect on the association probability.
A. Association probability
We start by looking into the Max-BRP association probabilities derived in Section III-A and the different factors that affect these probabilities. It is assumed that G s = G smax in the association phase. The UL and DL association bias values are unity (0 dB) unless otherwise stated. Fig. 1(a) illustrates the association probabilities derived in Lemma 2 against the ratio of Scells to Mcells density and compared with simulation results.
Association analysis validation.
It can be seen that the simulation and analysis results have a very close match which validates our analysis and gives confidence in using the analysis for the following results. Furthermore, there is a difference between the DL and UL association probabilities for Scells and Mcells, this difference represents the decoupled access where UEs prefer to connect to different cells in the UL and DL. We refer to this difference as the decoupling gain for the rest of the paper. In the Scell case, it can be noticed that the UL association probability is always higher than the DL one, this is because the UL coverage of Scells is larger than its DL coverage and vice versa
with Mcells. The figure shows that more than 20% of the UEs have decoupled access at a ratio of Scells to Mcells of 40, in other words the decoupling gain is 20%.
Antenna gain's effect on the association probability. Fig. 1(b) shows the association probability where G s = 0 dBi, i.e. there is no antenna gain. Predictably, there is very low Scell association probability in the UL and DL. On the other hand, Fig. 1(a) shows a high Scell association probability with G s = 23 dBi.
Another observation is that higher G s leads to lower decoupling gain. This stems from the blocking model which is represented by a LOS ball. Most of the DL coverage is inside the LOS ball (with a certain probability of low pathloss exponent (PLE) (α l = 2)) while the UL coverage extends to the NLOS area (with higher PLE (α n = 4)). Therefore increasing the antenna gain expands the DL coverage at a faster rate than the UL coverage due to the difference in the PLE between the LOS and NLOS areas. This in effect reduces the difference between the UL and DL coverage of Scells which, in turn, reduces the decoupling gain. It is worth noting that this trend could be seen with other blockage models as it only depends on the fact that UEs that are closer to the mmWave Scells have higher LOS probability than UEs that are further away which is a general characteristic that would be included in most blockage models. more the gain is increased which results in more and more UEs associating to the Scells.
Pathloss exponent and LOS ball parameters effect on the association probability. Fig.   3 shows the effect of the PLE and the LOS ball parameters on the decoupling gain. Having a higher α n and α m than α l results, as in the previous figure, in reducing the difference between the DL and UL coverages of the Scell since the DL coverage is assumed mostly in the LOS ball which makes the DL coverage expand as α l gets smaller resulting in reducing the gap between the DL and UL coverage borders and, in turn, decreasing the decoupling gain. Therefore the higher the difference between α n or α m with α l , the lower the decoupling gain.
On the other hand, having a higher LOS ball radius (µ) results into a higher decoupling gain since as µ gets larger more of the UL coverage of Scells area is included in the LOS region which helps in expanding the UL coverage of Scells and, in turn, increases the decoupling gain.
The lower PLE and larger µ are characteristics of a low density urban environment and indicate that decoupling is more relevant in such a scenario.
Max-Rate association probability validation and trends. The results in Fig. 4 are based on the Max-Rate association probability derived in Section III-B. Fig. 4(a) Fig. 1 . This is a direct result from the much wider bandwidth at mmWave Scells. It can also be noticed that there is a decoupling gain in the Max-Rate association as well. However, in this case the decoupled association results from UEs tending to connect to a Scell in the DL and to a Mcell in the UL which is shown by the superior Scell DL association probability compared to the UL and vice versa with the Mcell case. This behaviour is opposite to the Max-BRP association in Fig. 1 . This is a result of the higher bandwidth at mmWave Scells which pushes more UEs to connect to the Scells in the UL and DL and since -in general-the UL range is more limited than that of the DL then the mmWave Scells can afford to serve more UEs in the DL than in the UL. This effect is amplified the further the UEs are from the Scell. At a certain point the UL connection towards the Scell is too weak whereas the DL one is relatively stronger and this is the point where the decoupling happens.
BRP in
This effect is further clarified in Fig. 4(b) where the increase in the DL association probability in the Max-Rate case over the Max-BRP case is more than 40% higher than the UL increase.
This important result will be further confirmed in the subsequent results.
B. SINR and rate coverage results
In this part we present several results for the SINR and rate coverage to illustrate the effect that the mixed sub-6GHz/mmWave deployment has on the SINR and rate distributions and how the bias can affect these distributions. From this point onwards, we consider that T for Scells. The reason behind this is to clearly show the effect of small cell biasing on both UL and DL SINR and rate distributions based on the same association mechanism used in LTE systems where biasing is done jointly for UL and DL and is based on biasing the DL received power. This will help in drawing conclusions related to how currently deployed systems need to be changed and this setup will also be used to confirm our insights regarding the Max-Rate association as will be shown later on.
SINR and rate coverage analysis validation. the difference between SINR and SNR is very small. This result confirms our assumption that interference in mmWave has a minimal impact on coverage for the mmWave Scells densities considered in our scenario. This, in turn, confirms that the SINR can be approximated by the SNR for mmWaves which is quite different than the trend in sub-6GHz networks where SINR ≈ SIR.
Furthermore, the break point in the curves at 30% and 90% of the CCDF for λ s of 30 and 200
shows how the SNR starts degrading quickly after a certain point which is a result of the LOS ball blockage model which assumes that beyond a certain distance between the UE and the BSs all the UEs are considered non line of sight. In addition, the degradation affects fewer UEs at λ s = 200/km 2 since at a higher density fewer UEs are expected to be outside the LOS ball of the mmWave Scells.
Scell biasing effect on SINR and rate trends. Several previous studies have shown the importance of cell biasing in Hetnets [23] , [26] , [27] . However, the different propagation characteristics of sub-6GHz and mmWaves and the high imbalance in the available resources in both bands could result in different conclusions when it comes to biasing. Hence, the following results focus on the effect of biasing on the system's SINR and rate coverage and the optimal value of biasing for UL and DL. 7 illustrates the UL and DL 5th percentile SINR τ 95 and rate ρ 95 against the Scell association bias (T s ) where the relation between the 5th percentile SINR and the SINR coverage is (P(τ 95 ) = 0.95) and the same for rate. In Fig. 7(a) the DL SINR increases slightly and then starts decreasing beyond 5 dB bias, the UL SINR behaves similarly. The slight increase in SINR at the beginning is due to the negligible interference in mmWave networks, therefore although the SNR is reduced the overall SINR is slightly increased. On the other hand, the 5th percentile rate in Fig. 7(b) is peaking at a bias of 30 and 35 dB for the UL and DL respectively. However, the corresponding SINR values with such large bias are around -30 dB, which is extremely low.
The reason for the high rate despite the low SINR is obviously the much higher bandwidth at mmWaves. These bias values are over 100x the typical values seen in sub-6GHz scenarios in [23] , [26] , [27] .
The design insight behind this result is that very robust modulation and coding schemes need to be considered for mmWave networks so that they can operate at very low SINR. Another insight is that the UL 5th percentile rate peaks at a lower bias value than the DL rate which means that a fraction of the UEs would tend to connect to the Scell and Mcell in the DL and UL respectively. This confirms the trend resulting from the Max-Rate association in Fig. 4(a) about the reversed decoupling behaviour since at the optimal bias value UEs are assumed to be connected to their rate optimal cell. This also confirms that the association probability in Section III-B (with N m = N s = 1) results in the same trend as the optimal rate results (considering the cell loads) in Fig. 7(b) . Fig. 8 illustrates the 50th percentile SINR and rate where a similar behaviour to Fig. 7 can be noticed. However the increase in the 50th percentile SINR in Fig. 8(a) is much higher than in the 5th percentile SINR, also the decline starts at a higher bias than the 5th percentile SINR, this is because the 50th percentile UEs typically are closer or have a better channel to their serving cells. Therefore, a degradation in their SINR would require a higher bias value. Looking at the rate in Fig. 8(b) , it can be noticed that it peaks at around 30 dB bias for the UL and DL which corresponds to an SINR of 3 dB for the DL and -2 dB for the UL which is still considered low for the median UEs, therefore the need for robust modulation and coding still applies in the 50th percentile UEs case. The fluctuation in the 50th percentile rate beyond 50 dB bias results from UEs moving from their serving mmWave Scells to less loaded mmWave Scells which results in a slight increase in the rate.
Impact on infrastructure density. In Fig. 9 the impact of the density of mmWave Scells on the 5th percentile UL and DL rate is illustrated. It can be observed that the optimal bias in terms of achieved rate is 30 and 35 dB for the UL and DL respectively and these values are the same for all densities. It has been shown in [23] that the optimal bias considering resource partitioning decreases with the increase in the Scells density because of the increased interference on the range expanded UEs. However, in our scenario it was already shown that mmWave operation is noise limited, therefore interference has a marginal effect which explains the invariance of the optimal bias with the Scell density.
C. System design implications
In this part we summarize the system design and deployment implications based on the results shown previously in this section:
• The association probability of mmWave Scells is dramatically improved as the Scell beamforming gain is taken into account during the association phase. This indicates the importance of having highly directional beams in the association phase.
• Decoupled access is still relevant in mmWave/sub-6GHz HetNets from a maximum received power as well as rate based associations. It was shown that DUDe is key for optimal performance in both UL and DL whether the optimization criterion is received power or rate where decoupling occurs in different directions for the two criteria.
• Decoupled access is more relevant in less dense urban environments. This is reflected in Fig. 3 by the higher decoupling gain with a smaller α m and α n and a higher LOS ball radius (µ) and both features characterise low density urban scenarios.
• Aggressive values of mmWave Scell biasing can be beneficial in terms of rate as shown in Fig. 7(b) . This would result in UEs having to operate in very low SINR which gives rise to a need for robust modulation and coding techniques that would allow the UEs to operate in these low SINR regimes to harvest the benefits of mmWaves.
• It was shown that from a rate perspective UEs are more probable to connect to sub-6GHz
Mcell in the UL and mmWave Scell in the DL. In addition, recent studies on electromagnetic field exposure [28] have shown that the maximum UL transmit power on frequencies above 6GHz will need to be several dB lower than sub-6GHz to be compliant with exposure limits.
These trends could lead to allocating the UL on sub-6GHz Mcells and the DL on mmWave Scells as discussed in [19] .
VI. CONCLUSIONS
In this paper we proposed a detailed analytical framework for cell association in sub-6GHz-mmWave heterogeneous networks considering a decoupled uplink and downlink association.
The analysis considered a maximum biased received power as well as a maximum achievable rate approach highlighting the main differences between them. The results show that there is a different trend in decoupling between the two approaches where in the rate based approach devices tend to connect in the UL to the sub-6GHz Mcells which is opposite to the decoupling trend in previous studies. The SINR and rate coverages are also derived where we put special emphasis on Scell biasing in the results showing that quite high Scell bias values are possible which has implications on the modulation and coding schemes in future networks. The presented work could be extended in numerous ways including the consideration of UL power control, indoor users and mobility in a mmWave scenario. Considering the cell load in the rate based association is an interesting extension as well. In addition, the inclusion of sub-6GHz small cells and allowing users to have multiple decoupled connections in the uplink and downlink to different base stations is quite interesting and will be left for future work.
APPENDIX A
Derivation of Lemma 1:
Starting with the mmWave case, the propagation process N s := {L s (x) = x αs(x) } on R + for x ∈ Φ s has intensity
In the previous equation α is distance dependent as it has different values for LOS and NLOS links and according to the blockage model in Section II-C the intensity can be expressed as
Solving the integrals yields
Finally, rearranging the terms yields the final expression for the pathloss process intensity in (5) . For the sub-6GHz Mcells case, deriving the pathloss process intensity is straight forward as blockage is not considered for sub-6GHz. The propagation process
APPENDIX B
Derivation of Lemma 3:
The derivation of the Max-Rate association probabilities starts with the downlink association probability to a sub-6GHz Mcell B DL,m which is given by
whereF SIR DL,m (k) is the DL coverage probability P(SIR > k) and f SNR DL,s (z) is the PDF of SNR DL,s . ForF SIR DL,m (k) we use the expression derived in [20] for the coverage probability in the no noise and exponential fading case which is given bȳ
where ρ(t, α m ) = t . f SNR DL,s (z) can be derived fromF SNR DL,s (z) as follows
where f s (l) is given in (9) . In order to simplify the previous expression we exchange the order of the differentiation and integral using Leibnitz Rule [29] . The following two conditions need to be satisfied in order for this rule to be applicable.
• dfs(z,l) dz ≤ g(z, l), which means that the LHS expression is differentiable.
• ∞ 0 g(z, l)dz < ∞, g(z, l) is defined below. P UL,m is derived in the same way replacing P m and a DL by P um and a UL respectively.
We then derive the DL SNR coverage for mmWave Scells. Similarly, the condition for associ- P UL,s (τ ) is derived similarly by exchanging P s and a DL by P us and a UL respectively in the previous derivation.
